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ABSTRACT
A series of nine XMM-Newton observations of the radio-loud quasar 3C 273 are
presented, concentrating mainly on the soft excess. Although most of the individ-
ual observations do not show evidence for iron emission, co-adding them reveals a
weak, broad line (EW ∼ 56 eV). The soft excess component is found to vary, con-
firming previous work, and can be well fitted with multiple blackbody components,
with temperatures ranging between ∼ 40 and ∼ 330 eV, together with a power-law.
Alternatively, a Comptonisation model also provides a good fit, with a mean electron
temperature of ∼ 350 eV, although this value is higher when the soft excess is more
luminous over the 0.5–10 keV energy band. In the RGS spectrum of 3C 273, a strong
detection of the Ovii Heα absorption line at zero redshift is made; this may originate
in warm gas in the local intergalactic medium, consistent with the findings of both
Fang et al. (2003) and Rasmussen et al. (2003).
Key words: galaxies: active – X-rays: galaxies – galaxies: individual: 3C 273
1 INTRODUCTION
3C 273 was the first object positively identified as a quasar,
in 1963: the radio source was identified with a magnitude 13,
star-like object by Hazard, Mackey & Shimmins (1963) and
the redshift measured by Schmidt (1963) to be z = 0.158.
3C 273 was later found to be a X-ray source, by Bowyer et
al. (1970) and Kellogg et al. (1971), and has been observed
with X-ray instruments ever since. It is a radio-loud quasar,
with a jet showing superluminal motion. Although many
more quasars have been discovered since the 1960s, 3C 273
remains one of our nearest neighbours; this, therefore, makes
it a prime object to study, over the entire range of the elec-
tromagnetic spectrum; see Courvoisier (1998) and references
therein. Previous X-ray observations found the high-energy
continuum could be fitted by a hard power-law, with a vari-
able photon index, Γ ∼ 1.3–1.6 (Turner et al. 1990; Turner
et al. 1991; Williams et al. 1992). Observations by EXOSAT
(Turner et al. 1985) first indicated the existence of a soft
excess, at energies <∼ 1 keV; this was subsequently con-
firmed by further EXOSAT observations (Courvoisier et al.
1987; Turner et al. 1990), together with data from Einstein
(Wilkes & Elvis 1987; Turner et al. 1991), Ginga (Turner
et al. 1990) and ROSAT (Staubert 1992). Beppo-SAX (Orr
et al. 1998) and ASCA (Yaqoob et al. 1994; Cappi et al.
1998) have also observed 3C 273, along with EUVE, which
allowed the soft excess to be detected down to ∼ 0.1 keV
(Marshall et al. 1995). The actual form of the soft excess
could not previously be determined, due to lack of preci-
sion in the low-energy instruments: power-law, blackbody
and thermal Bremsstrahlung models produced equally ac-
ceptable fits. The EPIC (European Photon Imaging Cam-
era) instruments (Stru¨der et al. 2001; Turner et al. 2001) on
board XMM-Newton are improving the situation, however,
helping to distinguish between different models much more
readily.
The soft excess of 3C 273 has been previously found to
vary (Turner et al. 1985; Courvoisier et al. 1987; Turner et
al. 1990; Grandi et al. 1992; Leach, McHardy & Papadakis
1995); Ginga observations (Saxton et al. 1993) found that
its fractional variability was larger than that in the corre-
sponding power-law component.
In this paper, nine XMM observations of 3C 273 are
presented. In Section 2 the XMM datasets are given and the
problem of pile-up discussed. Section 3 covers the spectral
analysis, concentrating in particular on the soft excess emis-
sion. Sections 4 and 5 cover the RGS (Reflection Grating
Spectrometer) and optical data respectively, while Section 6
discusses what can be determined from the spectral fits, with
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the final conclusions given in Section 7. Throughout the pa-
per, H0 is taken to be 50 km s
−1 Mpc−1 and q0 = 0.
2 XMM-NEWTON OBSERVATIONS
3C 273 is one of the XMM-Newton calibration targets, so
is frequently observed by the instruments. At the time of
writing, the quasar has been observed in revolutions 94, 95,
96, 277, 370, 373, 382, 472, 554 and 563, spanning a time
period of two and half years, from 2000-06-13 to 2003-01-
05. These data are a combination of public and proprietary
calibration observations. Since the PN was in Timing mode
during revolution 382, this observation was excluded from
the analysis; MOS 1 was in Timing mode for four of the
nine observatiosn, so only MOS 2 data were used. The ob-
servation during revolution 472 is considerably shorter than
the others; this, combined with the low luminosity of 3C 273
at this time, leads to larger error bars than measured during
the other revolutions. Table 1 lists the dates of the obser-
vations, together with the exposure times and instrumental
set-up. The ODFs (Observation Data Files) were obtained
from the online Science Archive1; the data were then pro-
cessed and the event-lists filtered using xmmselect within
the sas (Science Analysis Software) v5.4.1.
Only Small Window Mode observations were used, to
minimise the pile-up problems. Upon investigation, it was
found that the MOS spectra were slightly piled-up, even
with the quicker read-out time from the Small Window. Fig-
ure 1 shows the output from the sas task epatplot; the panel
compares the expected fractions of single-, double-, triple-
and quadruple-pixel events (solid line) with those actually
measured in the spectrum (histogram). It can be seen that a
smaller than expected fraction of single events is measured
above ∼ 1 keV, while the reverse is true for doubles; this is
the main signature of pile-up.
Pulse pile-up in CCD cameras occurs when there is a
significant probability that two or more photons register-
ing within a given CCD frame will have overlapping charge
distributions. This can lead to a spectral distortion if the
resulting charge distribution is recognised as a single event
whose energy is the sum of the overlapping events, or a flux
loss if the charge distribution has a pattern which is not
within the detector’s pattern library. The dominant effect
of moderate pile-up in the MOS cameras is a loss of flux,
with little, or no, spectral distortion, especially if single-
pixel events only are analysed. The degree of pile-up for a
given point source depends on the source strength and also
the point-spread function, throughput, pixel size and frame
accumulation time of the given X-ray detector system. Ap-
proximate limiting count rates are quoted in the XMM User
Handbook for the MOS and PN small window modes of 5
and 130 counts s−1, respectively.
3C 273 has a typical 0.1-10 keV count rate of be-
tween 10/35 and 20/65 counts s−1 for MOS/PN respectively,
and is therefore moderately piled-up in the MOS but only
very weakly piled-up (if at all) in the PN. Spectral distor-
tion due to pile-up can be reduced by only analysing sin-
gle pixel events, although there is a trade-off in sensitivity.
1 http://xmm.vilspa.esa.es/external/xmm data acc/xsa/index.shtml
Figure 1. This plot shows the result of running epatplot on the
MOS 2 spectrum of 3C 273 in revolution 96. The top curve shows
the expected (solid line) and observed (histogram) fractions of
single-pixel events, while the corresponding results for the double
events are shown just below. The lowest lines correspond to triple
and quadruple events. There are fewer single-events, but more
doubles, observed than are predicted; this shows the data are
piled-up.
The spectral fitting has, therefore, been restricted to single
pixel events in both cameras. The MOS single pixel spec-
tra have also been corrected for residual pile-up effects us-
ing the method described in Molendi and Sembay (2003).
This method uses the fact that the majority of diagonal bi-
pixel events within a source box are created by the pile-up
of two single pixel events. The observed diagonal bi-pixel
events spectrum can then be used to correct the observed
single pixel spectrum. Additionally, a development version
of the MOS response matrix was used for the observations,
which has reduced the systematic errors in the low energy
(< 2 keV) band; this is expected to be included in the next
sas release.
The MOS 2 and PN data were then fitted simultane-
ously and the results are presented in the following sections.
There are well-known systematic differences between MOS
and PN fitted spectral parameters, arising from their im-
perfect calibration and, at this stage, it is not clear which
instrument has the smaller systematic errors. The statisti-
cal precision of the 3C 273 observations is such that these
systematic errors dominate. The practical solution adopted
here is to carry out joint fits to MOS and PN, allowing the
normalisation to float in order to take care of the differing
degrees of flux-loss due to pile-up in the two instruments.
Individual fits to the MOS and PN data give better χ2νs,
but different parameter values, caused by the calibration
uncertainties. For example, over 3–10 keV, there is a slight
difference in power-law slopes, with ∆Γ ≤ 0.1, but using
blackbodies to fit the soft excess led to noticeably differ-
ent temperatures; e.g., ∼ 95 and 240 eV for PN, compared
to ∼ 130 and 400 eV for MOS. However, the joint fits are
acceptable on the basis of χ2 alone.
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Table 1. The details of the XMM observations of 3C 273 analysed in this sample. For revolution 563, the two MOS 2 observations were
summed. The ‘clean’ exposure times are given, i.e. those after the periods of high background have been removed. Revolution 472 has
about half the exposure of the next shortest observation.
Rev. Obs. ID start date exposure time (ks) filter
MOS 2 PN MOS 2 PN
94 0126700301 2000-06-13 53.4 39.7 medium medium
95 0126700701 2000-06-15 27.7 19.6 medium medium
96 0126700801 2000-06-17 42.6 31.8 medium medium
277 0136550101 2001-06-13 41.7/36.6 30.1 medium/thin medium
370 0112770101 2001-12-16 4.3 3.1 medium thin
373 0112770201 2001-12-22 4.1 3.0 medium thin
472 0112770601 2002-07-07 2.3 1.7 medium thin
554 0112770801 2002-12-17 4.5 3.3 medium thin
563 (i) 0136550501 2003-01-05 7.9 5.7 medium medium
563 (ii) 0112770701 2003-01-05 4.6 3.3 medium thin
3 SPECTRAL ANALYSIS
3.1 Iron lines
The object of this paper is to analyse the soft excess of
3C 273 and to investigate any spectral changes there may
be over time. The possible presence of an iron emission line
was, however, investigated, by fitting the MOS 2 and PN
spectra over the 3–10 keV range with a simple power-law
model. On the whole, iron lines, either narrow or broad,
were not detected in the individual pointings; the limits on
the equivalent widths are given in Table 2. An alternative
way to analyse the possible changes in the iron emission is to
compare the line fluxes for different observations; this sepa-
rates any variability due to the continuum from the intrinsic
line variabilty. The values are also given in Table 2, where
it can be seen that they are consistent with a constant line
flux.
The spectra from all nine observations were then co-
added, to search for the possible presence of an iron line;
this resulted in a spectrum with a total exposure time of al-
most 193 ks for the MOS and 127 ks for the PN. (Only those
observations taken with the medium filter were used.) As Ta-
ble 3 and Figure 10 show, the 3–10 keV spectral index does
not vary greatly between observations (Γ lies between 1.64
and 1.78); this is important, since co-adding spectra with
different slopes would lead to curvature and, hence, force a
broad residual when fitting a simple power-law model.
There is some evidence for a narrow line
(E = 6.34 ± 0.03 keV; EW = 8 ± 3 eV; ∆χ2 = 18
for 2 degrees of freedom), but the evidence for a weak broad
line was significantly better (∆χ2 of 57 for 3 degrees of
freedom), giving an equivalent width of 56 ± 19 eV, for
E = 6.37 ± 0.09 keV and σ = 0.60 ± 0.11 keV. Adding an
absorption edge (E = 7.30 ± 0.07 keV; τ = 0.04 ± 0.01)
further imrpoves the fit (∆χ2 of 15 for 2 degrees of freedom),
giving a final reduced χ2 value of 1451/1728. Figure 2 shows
this broad line clearly above a simple power-law model,
fitted above 3 keV, while Figure 3 plots the confidence
contours for the energy of the line. The implies that the
line is not strongly ionised.
Iron emission in 3C 273 was first identified by Ginga
(Turner et al. 1990), where a line of EW ∼ 50 eV was de-
tected, although the width could not be constrained. At the
time of the Ginga observation, the 2–10 keV luminosity of
the source was measured to be ∼ 7 × 1045 erg s−1, showing
3C 273 to be somewhat fainter than in the present obser-
vations (Table 3). Note that the luminosities tabulated here
are over the narrower energy band of 3–10 keV. A weak
and broad, but ionised, line was reported by Yaqoob & Ser-
lemitsos (2000), who detected such a component in RXTE
and ASCA observations of 3C 273. Kataoka et al. (2002) also
confirmed the presence of a broad line in earlier RXTE data.
In the present data, the line appears to be neutral (Figure 3).
The EW of ∼ 50 eV found in the present data is consistent
with these earlier observations. Superluminal blazars, such
as Mrk 421, show no hint of iron lines in their X-ray spectra
(e.g., Brinkman et al. 2001); these are sources which are very
probably being viewed directly down the radio jet. 3C 273
is oriented such that the radio lobes are visible, although
superluminal motion is still observed. The presence of the
iron line indicates that a Seyfert-like disc spectrum is being
seen in 3C 273.
In a recent paper (Page et al. 2003), the decrease in
strength of narrow lines with luminosity (i.e., the X-ray
Baldwin effect) was discussed. The fact that, in the coadded
data presented here, a broad line is preferable to a narrow
component is in agreement with this finding. There is also
a Baldwin effect for broad lines such as the one measured
here (Nandra et al. 1997), which are thought to be produced
through reflection off the inner accretion disc; the low EW
found for the weak broad line here supports this result.
3.2 The soft excess
As is conventional, after fitting a power-law with Galactic
absorption (NH = 1.79 × 10
20 cm−2; obtained from the
ftool nh, which derives the value from Dickey & Lockman
1990) to the 3–10 keV energy band (to avoid the broad soft
excess), the fit was extrapolated down to 0.5 keV. (The MOS
and PN calibration differences increase rapidly below this
point, so lower energy data have not been used.) There is
an obvious soft excess, of which Figure 4 shows an example.
The soft excess of 3C 273, as observed by EPIC, can
be well modelled by multiple blackbody (BB) components.
Considering the revolution 95 data as an example, fitting
the broad-band spectrum with a power-law together with
c© 0000 RAS, MNRAS 000, 000–000
4 K.L. Page et al.
Table 2. The limits on the equivalent widths (EW) of neutral (6.4 keV) and ionised (6.7 keV) iron emission in 3C 273. The narrow lines
had an intrinsic width of σ = 0.01 keV, the broad lines, 0.5 keV. Where the line was less than 99 per cent significant, the 90 per cent
upper limit is given. The other error bars are at the 1σ level.
a flux in units of 10−13 erg cm−2 s−1
Rev. Narrow Line Broad Line
(neutral) (neutral) (ionised)
EW (eV) line fluxa EW (eV) line fluxa EW (eV) line fluxa
94 <9 < 0.77 47 ± 13 3.98 ± 1.49 <51 <4.16
95 <10 < 0.84 54 ± 19 4.39 ± 1.66 42 ± 20 3.29 ± 1.73
96 <17 <1.42 71 ± 20 5.84 ± 1.66 71 ± 22 5.62 ± 1.73
277 <12 <1.20 <40 <4.15 <33 <3.32
370 <28 <3.26 <81 <9.37 <110 <12.33
373 <41 <4.74 <136 <15.60 <121 <13.49
472 <74 <5.83 <166 <13.00 <101 <7.80
554 <36 <3.86 <147 <15.50 <144 <14.74
563 <21 <1.79 <72 <6.17 <69 <5.75
Figure 2. A weak broad line can be seen in the co-added spec-
trum of all nine observations. The MOS data points are shown as
squares, the PN as circles.
Figure 3. A contour plot for the broad line, showing the 68, 90,
95 and 99 per cent (innermost to outermost curves) possibilities
for the energy of the line, for two degrees of freedom. The plot
shows that the line is not strongly ionized.
Figure 4. An extrapolation of the power-law fitted over the 3–
10 keV band (Table 3) shows the soft excess of 3C 273, during
revolution 95. Both MOS 2 (black) and PN (grey) data are shown.
a single BB component gives an unacceptable fit, with
χ2/dof = 2782/2279. Adding a second BB gives the best-fit
value of 2546/2277; the F-test value for this improvement is
18. When using the F-test, a value of F > 3.0 (for one pa-
rameter) corresponds to an improvement of > 90 per cent.
Table 3 gives the 3–10 keV power-law slopes, together
with broad-band BB fits; Fig. 5 shows an example of the un-
folded BB fit. During revolution 277, observations with both
the thin and medium MOS filters were performed, while the
same was done for PN during revolution 563; the spectra
from the different filters were fitted simultaneously, using the
appropriate filter responses, leading to the increased num-
ber of degrees of freedom seen in the table. The last column
of the table lists the unabsorbed luminosities for the models
given. These values show 3C 273 to have been at a typical
luminosity during each of the observations, c.f. Courvoisier
et al. (1987).
Modelling the soft excess spectrum with multiple black-
bodies is probabaly not physical, but it does point to the
soft excess being broad. The diskbb model in Xspec mod-
els the accretion disc as emission from multiple blackbody
c© 0000 RAS, MNRAS 000, 000–000
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Table 3. Power-law and blackbody fits to the MOS 2 and PN 3C 273 spectra. The unabsorbed luminosities are also given in the final
column, for the corresponding bandpasses.
Range Model Rev. Γ kT (keV) kT (keV) kT (keV) χ2/dof luminosity
(keV) (1046 erg s−1)
3–10 PL 94 1.679 ± 0.007 1729/1583 0.79
95 1.674 ± 0.008 1581/1543 0.77
96 1.643 ± 0.008 1685/1548 0.76
277 1.643 ± 0.006 2364/1946 0.95
370 1.675 ± 0.021 901/840 1.08
373 1.696 ± 0.021 818/839 1.08
472 1.772 ± 0.035 464/389 0.74
554 1.776 ± 0.022 873/817 1.00
563 1.771 ± 0.014 1469/1525 0.81
0.5–10 PL + BBs 94 1.679 ± 0.005 0.100 ± 0.003 0.252 ± 0.011 2802/2331 1.68
95 1.674 ± 0.020 0.091 ± 0.004 0.232 ± 0.010 2546/2277 1.62
96 1.643 ± 0.006 0.094 ± 0.003 0.234 ± 0.012 2701/2256 1.60
277 1.648 ± 0.006 0.039 ± 0.002 0.117 ± 0.004 0.277 ±0.010 3833/2741 2.06
370 1.700 ± 0.018 0.100 ± 0.006 0.279 ± 0.028 1615/1428 2.38
373 1.699 ± 0.017 0.095 ± 0.007 0.261 ± 0.027 1621/1426 2.33
472 1.779 ± 0.035 0.098 ± 0.010 0.330 ± 0.051 1134/928 1.70
554 1.798 ± 0.019 0.098 ± 0.006 0.288 ± 0.0024 1610/1402 2.33
563 1.806 ± 0.012 0.103 ± 0.005 0.257 ± 0.016 2587/2562 1.91
Figure 5. An unfolded plot of the blackbody fit to the revolution
95 data. The spectrum is fitted by a power-law and two blackbody
components, with kT ∼ 91 and 232 eV (see Table 3).
components, working from the temperature at the inner
disc radius (see, e.g., Mitsuda et al. 1984; Makishima et
al. 1986). However, this method does not succeed in mod-
elling the entire breadth of the emission seen, and was worse
than either multiple BB (F = 77, if BB are substituted;
∆χ2/dof = 171/2) or the Comptonisation fits (see below).
An alternative method involves modelling the soft excess
with either a second, or a broken, power law. However, both
of these models were found to be significantly worse fits (the
F-test gives improvements of 254 and 124 for the multiple
blackbodies in comparison to the two power-laws and broken
power-law respectively, for revolution 95 data; these corre-
spond to ∆χ2/dof of 569/2 and 277/2 respectively), imply-
ing that the soft excess does, indeed, show curvature, rather
than a sharp change in slope.
As mentioned above, although multiple blackbodies
parametrize AGN soft excesses very well, the model is not
particularly physical. The temperatures for the hotter com-
ponents are thought to be far higher than can be formed
through thermal emission from an accretion disc surround-
ing a ∼ 109M⊙ black hole (see, e.g., Liu et al. 2003). A more
realistic model for the emission is likely to be Comptonisa-
tion: thermal photons, emitted from the disc, are upscat-
tered by populations of hot electrons. A two-temperature
distribution could then lead to the formation of both the
apparent ‘power-law’ at higher energies and the soft excess.
Low temperature Comptonised spectra are similar in shape
to blackbodies, but are broader; thus, an excess which re-
quires two or three different temperature BBs can easily be
modelled by a single Comptonisation component.
To investigate the likelihood of the 3C 273 spectra be-
ing formed via this method, the thCompfe Comptonisation
model (Z˙ycki, Done & Smith 1999) was utilised. Blaes et
al. (2001) fit an accretion disc model to multi-wavelength
3C 273 data, finding an accretion rate of 4M⊙ yr
−1. This
corresponds to a mean disc temperature of 10 eV, which
has been used for the X-ray fits presented here, although, in
fact, the Comptonisation model is not very sensitive to this
value.
If the disc photons are at this representative tempera-
ture, then one can consider what would be seen if there were
no Comptonising corona and only the direct thermal emis-
sion were observed. Taking the disc emission to be charac-
terised by a BB, the resulting peak flux is found to be lower
than that predicted by the model in Blaes et al. (2001).
That is, more than enough disc photons would be emitted
at ∼ 10 eV to account for the soft excess spectrum observed,
showing that our X-ray Comptonisation fits are consistent
with the Blaes et al. accretion disc model.
The temperature chosen for the seed photons will affect
the integrated flux of the soft excess fitted with this model,
but will not affect the values of the other parameters (see,
c© 0000 RAS, MNRAS 000, 000–000
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for example, Figure 9). There is no way to determine the
temperature from the present data and it has been chosen
to fix the value at 10 eV; this is consistent with the OM
observations (Figure 9). The absolute level of the soft excess
flux is, therefore, somewhat artificial, but the changes in flux
between observations will be determined by the measured
spectral parameters only.
The electron temperature of the hotter distribution was
fixed at 200 keV. (The electron temperatures are deter-
mined, through spectral fitting, from the energy of the ‘roll-
off’ of the Comptonised component. While it is, therefore,
possible to determine an electron temperature for the soft
excess, it is expected that the hard-power-law-producing
electrons have very high temperatures, leading to the ∼ 4kT
roll-off being well outside the XMM energy band.) Through-
out this paper, the hotter Comptonised component refers to
that which forms the power-law observed at the higher ener-
gies; the cooler component produces the soft excess emission.
There are two possible geometries for the Comptoni-
sation: either (almost) all of the soft photons are initially
Comptonised by the ‘soft-excess-producing’ electrons; some
would then be further Comptonised by a hotter distribu-
tion (possibly formed through magnetic reconnection; these
electrons may be non-thermal), to form the observed ‘power-
law’. An alternative involves some disc photons being Comp-
tonised to form the soft excess, while others form the higher
energy spectrum by directly interacting with the hotter elec-
tron population. It was found that using the same temper-
ature of input photons to both electron populations did
not give as good a fit as having hotter photons pass into
the ‘power-law’ electrons. While two Comptonised compo-
nents have been chosen to model the broad-band spectrum
in this analysis, it is, of course, equally possible to represent
the high-energy portion as a simple power-law, which might
originate as Synchrotron Self-Compton emission in the jet.
The general conclusions as to the soft excess reached here
are not sensitive to this choice.
Table 4 gives the temperatures, optical depths and
slopes determined from the Comptonisation fits. Also given
is the Compton y-parameter, where y is defined as the av-
erage fractional change in energy per Compton scattering
multiplied by the mean number of scatterings. From Sun-
yaev & Titarchuk (1980), this is given, for an optically thick
material of non-relativistic electrons, by
y =
4kT
mec2
τ
2 (1)
where τ is the Thomson depth, and kT the temperature,
of the electron corona; me is the mass of an electron. (The
optically thin result is the same except the τ term is not
squared.)
If y >> 1, the Comptonisation process is saturated and
results in a Wien-like spectrum (∼ ν3e−ν), with the final
temperature of the photons close to that of the electron
population. For a low y-parameter, the photons tend to pass
straight though the corona, emerging at close to their ini-
tial temperature (i.e., that of the accretion disc); this pro-
duces a modified BB spectrum. The intermediate regime,
where y∼ 1, is known as unsaturated Comptonisation. Here,
a power-law spectrum is formed over a limited range; this
drops off exponentially for E > 4kT. The resulting spectral
index is given by (Sunyaev & Titarchuk 1980)
Figure 6. The best fit double Comptonisation model to the data
from revolution 95, as given in Table 4.
Table 5. Observed fluxes calculated over the 0.5–10 and 0.001–
10 keV (both observer’s frame) energy bands.
Rev. 0.5–10 keV flux 0.001–10 keV flux
(photon cm−2 s−1)
94 0.013 ± 0.001 5.074 ± 0.429
95 0.014 ± 0.001 4.516 ± 0.382
96 0.012 ± 0.001 6.014 ± 0.610
277 0.022 ± 0.001 7.325 ± 0.326
370 0.027 ± 0.003 6.219 ± 0.747
373 0.024 ± 0.004 7.550 ± 1.325
472 0.022 ± 0.005 4.347 ± 0.913
554 0.031 ± 0.003 7.062 ± 0.736
563 0.023 ± 0.002 7.238 ± 0.649
Γ =
(
4
y
+
9
4
)1/2
−
1
2
(2)
As Table 4 shows, the values of y for the soft excess are
all ∼ 0.5, showing the Comptonisation is unsaturated. The
corresponding values for the hotter component are slightly
larger, ∼ 1.5, but still in the unsaturated regime. Figure 6
shows the fit to the data from revolution 95.
Although data have only been modelled down to 0.5 keV
in this analysis, the Comptonisation model used here covers
a much broader energy band, down to the 10 eV of the seed
photons from the accretion disc. Figure 6 shows that the
soft Comptonisation component is still rising at 0.5 keV, so
its luminosity over the XMM band will be much less than
the total value. In order to obtain an estimate for the total
luminosity of the soft excess, the model was extrapolated
to lower energies, using the dummyrsp command in Xspec;
an example of such a model plot is shown in Figure 7. Note
that, as discussed earlier, 10 eV is not a fitted parameter,
but has simply been chosen to represent a suitable temper-
ature for the disc, not inconsistent with the data obtained
from the Optical Monitor (Section 5). This extrapolation to
lower temperatures does not affect the hotter Comptonised
component greatly. Table 5 lists the fluxes over the 3–10,
0.5–10 and 0.001–10 keV bands for each observation.
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Table 4. Comptonisation model fits. Input BB temperature for the soft excess fixed at 10 eV, that for the hotter component is equal to
the ‘soft excess’ temperature; temperature of hotter component is fixed at 200 keV. The luminosities are calculated over the 0.001–10 keV
band in the observer’s frame, extrapolating the model with the dummyrsp command.
cooler comptonised component hotter comptonised component
Rev. electron τ y-parameter luminosity Γ luminosity χ2/dof
temp. (keV) (1046 erg s−1) (1046 erg s−1)
94 0.292 ± 0.014 15.1 ± 0.6 0.52 ± 0.01 4.34 ± 0.37 1.693 ± 0.005 1.52 ± 0.06 2805/2332
95 0.289 ± 0.013 15.4 ± 0.5 0.54 ± 0.01 3.92 ± 0.33 1.683 ± 0.005 1.48 ± 0.05 2556/2278
96 0.296 ± 0.017 14.5 ± 0.6 0.49 ± 0.01 4.93 ± 0.50 1.663 ± 0.005 1.45 ± 0.06 2703/2257
277 0.334 ± 0.011 14.2 ± 0.3 0.53 ± 0.01 6.35 ± 0.28 1.667 ± 0.005 1.75 ± 0.06 3856/2844
370 0.399 ± 0.040 13.5 ± 1.1 0.57 ± 0.03 5.81 ± 0.70 1.697 ± 0.018 1.93 ± 0.23 1611/1429
373 0.353 ± 0.036 14.1 ± 1.1 0.55 ± 0.03 6.50 ± 1.14 1.704 ± 0.016 2.05 ± 0.19 1624/1427
472 0.422 ± 0.072 13.3 ± 1.8 0.59 ± 0.05 4.16 ± 0.87 1.782 ± 0.031 1.34 ± 0.32 1134/929
554 0.400 ± 0.036 13.5 ± 0.9 0.57 ± 0.02 6.59 ± 0.69 1.793 ± 0.018 1.84 ± 0.21 1610/1403
563 0.331 ± 0.020 14.4 ± 0.7 0.54 ± 0.01 6.35 ± 0.57 1.803 ± 0.011 1.58 ± 0.11 2585/2563
Figure 7. Extrapolating the revolution 95 thComp fit down to
lower energies shows the full soft excess. The lowest energy is
fixed by the temperature set for the input photons, which cannot
be determined over the XMM energy band.
4 RGS DATA
To a first approximation, the soft excess of 3C 273 can be
modelled as a smooth continuum in the XMM band. How-
ever, it has previously been found that some AGN show fea-
tures in their soft excesses: either (possible) relativistic emis-
sion lines (Branduardi-Raymont et al. 2001; the existence
of these lines remains controversial, with Lee et al. 2001
claiming the spectrum can be explained with a dusty warm
absorber) or a combination of narrow emission/absorption
features, sometimes with an absorption trough around 16–
17 A˚(Sako et al. 2001; O’Brien et al. 2001; Pounds et al.
2001; Kaspi et al. 2000).
The 3C 273 RGS (den Herder et al. 2001) spectrum
during revolution 277 was chosen for analysis, since this
had the longest duration, of almost 90 ks. 3C 273 clearly
does not exhibit the same spectral shape as that found by
Branduardi-Raymont et al. (2001) for MCG −6−30−15 and
Mrk 766. To investigate whether any narrow features could
be found, the lines identified in Mrk 359 (O’Brien et al.
2001) were considered. Weak, but statistically significant,
emission from the triplets of Ne ix and O vii was identified
in the RGS spectrum of 3C 273. As for Mrk 359, the individ-
ual components cannot be resolved; however, their combined
equivalent widths are (3.5 ± 0.9) eV and (1.6 ± 0.6) eV
respectively. Only upper limits were obtained for the other
features found in Mrk 359, with O viii Lyα having an equiva-
lent width of EW < 0.06 eV (90 per cent upper limit). There
is no sign of an Fe M absorption trough (EW < 0.61 eV) or
absorption edges corresponding to O vii or O viii. The soft
excess is, therefore, not dominated by a blend of soft X-ray
lines (Turner et al. 1991). If, as is expected, the soft excess
continuum is formed through Comptonisation, it would be
expected that any emission lines would be greatly broadened
(Sunyaev & Titarchuk 1980), which would explain the lack
of strong emission observed in most AGN.
Fang, Sembach & Canizares (2003) claim to find an
absorption feature, in Chandra data, corresponding to the
zero-redshift O vii Heα (∼ 21.60 A˚), for which they give
an equivalent width of ∼ 28 mA˚(⇔ 0.75 eV). As Fang et
al. (2003) discuss, this is likely to correspond to the detec-
tion of warm gas in the local intergalactic medium. Inves-
tigating the possibility of absorption in the revolution 277
XMM data, a feature is, indeed, found: at a wavelength of
21.62 ± 0.16, with a line width of 1 eV, the equivalent width
is ∼0.88 eV – similar to the value in Fang et al. (2003). This
line is detected at the >99.99 per cent level and is shown in
Figure 8. Similar zero-redshift absorption is also discussed
by Rasmussen, Kahn & Paerels (2003), who analyse both
Chandra and XMM grating data.
5 OPTICAL AND UV DATA
For a number of the observations (Revolutions 94–277, 382
and 563), optical/UV data were obtained from the Optical
Monitor (OM; Mason et al. 2001); the remaining orbits had
the OM in Grism mode. The observed magnitudes for the
various filters used are listed in Table 6.
A lower limit to the temperature of the accretion disc
can be roughly estimated by finding the point at which the
extension of the X-ray fit would produce a higher optical flux
than is observed by the OM. Figure 9 plots the extrapolated
X-ray Comptonisation model for three different input tem-
peratures (10, 5 and 2 eV). For temperatures below ∼2 eV,
the model over-predicts the optical flux. This can, therefore,
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Table 6. Optical and UV magnitudes for 3C 273.
Rev. 94 Rev. 95 Rev. 96 Rev. 277 Rev. 382 Rev. 563
Filter Wavelength
(A˚)
Magnitude
V 5500 12.54 12.60 12.58 12.26 12.67 -
U 3600 11.90 11.94 11.97 11.66 - -
B 4400 13.24 13.01 12.98 13.10 - -
UVW1 2910 11.78 12.09 11.81 11.03 - 11.36
UVM2 2310 11.75 11.81 11.77 11.16 - 11.21
UVW2 2120 11.72 11.73 11.74 11.11 - -
Figure 8. The plot shows an absorption feature in the RGS data
which may be due to O vii Heα at zero redshift. The data shown
are from the revolution 277 observation
Figure 9. The curves show the extrapolation of the X-ray Comp-
tonisation model down to optical energies for input (disc) tem-
peratures of, from left to right, 2, 5 and 10 eV. The data are taken
from revolution 95.
be taken as a lower limit to the temperature of the photons
producing the soft excess.
However, it must be noted that 2 eV is far too low a
temperature for an accretion disc such as this. Disc theory is
still a very uncertain area, especially at high accretion rates.
Collin & Hure´ (2001) and Collin et al. (2002) find that the
optical emission in AGN cannot be accounted for by the
standard accretion disc model, concluding that, either the
disc is ‘non-standard’ or most of the optical luminosity does
not come from the accretion disc. A much improved theory
of accretion discs is clearly needed, before the relationship
between optical and X-ray emission in AGN can be fully
understood.
6 DISCUSSION
6.1 3–10 keV band
As mentioned in the introduction (Section 1), 3C 273 has, in
the past, shown a hard spectral index of ∼ 1.5 (or flatter),
while the values found here (Table 3) are noticeably steeper.
This is not likely to be due to contamination by the broad
soft excess, since the values of Γ for the broad-band power-
law plus BB fits are very similar to the 3–10 keV slope.
Neither does it appear to be a calibration problem, since
Molendi & Sembay (2003) also find a relatively steep slope
(Γ ∼ 1.63) for the MECS spectrum over 3–10 keV (SAX
data simultaneous with XMM revolution 277).
Using the simple power-law model (Table 3), there is
no strong correlation between 3–10 keV Γ and the power-
law luminosity over the same energy band (Figure 10), with
Spearman Rank giving a negligible probability of 9 per cent.
However, it is noticeable that the first six observations clus-
ter around a 3–10 keV slope of Γ ∼ 1.66, while the later
three show steeper values, of ∼ 1.77.
The open circle in this, and subsequent, plots denotes
the data from revolution 472. As mentioned earlier, of the
nine observations presented here, it is during revolution 472
that 3C 273 is at its faintest over the 3–10 keV band; rev-
olution 472 is also the shortest of all the observations. Ig-
noring this data point does not, however, lead to a signif-
icant correlation between the 3–10 keV photon index and
flux (57 per cent). The relationship between the slope and
flux of 3C 273 has been found to vary, however. Agreeing
with the present data Turner et al. (1990) found that the
parameters were independent, when considering Ginga data
between 1983 and 1988; this was also found from RXTE
measurements from 1996-1997 (Kataoka et al. 2002). How-
ever, from 1999-2000, Kataoka et al. found that the slope
became softer when the flux level increased.
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Figure 10. If all nine observations are considered, the 3–10 keV
photon index is independent of the luminosity over that range.
There is a suggestion, however, that 3C 273 exists in two different
‘hardness states’. The open circle represents the revolution 472
data point, while the numbers indicate the chronological order of
the measurements.
6.2 Soft excess
6.2.1 0.5-10 keV band
To investigate how the soft excess is changing over time, the
Comptonisation model plots for each revolution were over-
laid; the result is shown in Figure 11. Above 0.5 keV the
fitted spectra show a general tendency for higher flux to be
associated with higher temperatures – the hotter the soft
excess, the higher the energy the model extends to. Revo-
lution 472 (orange curve) is the exception here, with a high
temperature, but a lower normalisation. However, when the
model is extrapolated to lower energies, the different Γs be-
come more important, the major contribution to the model
luminosity being below 0.5 keV and sensitive to the value of
Γ, rather than to kT.
In order to investigate how the soft excess varies, the pa-
rameters (Γ, optical depth and electron temperature) were
plotted against the photon flux calculated over the 0.5–
10 keV (observer’s frame) band. Figures ??, 12 and 13 show
these results. Spearman Rank (SR) and weighted linear re-
gression were then used to give the probability of a correla-
tion. Linear regression is a useful method, since it takes into
account the errors on the measurements, whereas Spearman
Rank does not.
An inverse relation is found between the optical depth
and the flux over 0.5–10 keV (98 per cent; slope of −88 ± 38)
and is shown in Figure 12. Again, excluding the revolu-
tion 472 point strengthens the Spearman Rank value, to
99.8 per cent. (The regression slope stays approximately the
same, since the point being ignored has relatively large er-
ror bars, so would have been less strongly weighted than the
other measurements) The other physical parameter of the
soft excess – the temperature – shows a 98 per cent positive
correlation with the flux (99.8 per cent without revolution
472); that is, the hotter soft excesses are brighter. This is
supported by a regression fit of 5.5 ± 1.3. It must, how-
ever, be cautioned that the temperature, kT, and the optical
Figure 11.The soft excess of 3C 273 measured during each obser-
vation. The vertical line at 0.5 keV shows the point above which
the model was fitted; below this energy, the curves are purely
an extrapolation. Each revolution is shown in a different colour:
black – rev. 94; red – rev. 95; green – rev. 96; blue – rev. 277; light
blue – rev. 370; magenta – rev. 373; orange – rev. 472; purple –
rev. 554; grey – rev. 563
Figure 12. There is an apparent negative correlation between
the optical depth and the flux of the Comptonised soft excess
parameter. The open circle represents the revolution 472 data
point, as explained in the text.
depth, τ , are strongly coupled, as shown by Equations 1 and
2: Γ ∼ 1/(kTτ 2)1/2.
To try and determine how the regions producing the
soft and hard X-rays are linked, Figure 14 was plotted. This
shows the fractional (rms) variability of the total observed
counts as a function of energy, after the Poisson noise has
been accounted for (Edelson et al. 2002) for the MOS data
and implies that, over the nine observations, there is very
little difference between the rate of variation in the soft and
hard bands. The PN results also show that rms variability
does not change with energy, although the fraction variabil-
ity is higher (∼ 32 per cent, compared to ∼ 18 per cent in
the MOS 2 datasets).
Figure 15 shows how the two separate Comptonised
components vary in flux during the nine observations. It
can be seen that the soft excess component varies over a
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Figure 13. Over the observed 0.5–10 keV band, when the soft
excess is brighter, it is also hotter. The open circle represents the
revolution 472 data point.
Figure 14. The fractional variabilty amplitude of the MOS 2
data over the nine observations of 3C 273 showing that there is
no difference in the variability observed over the different energies.
The PN data are consistent with these results.
larger range than does the hotter component, although the
two generally change in the same sense. This is shown by
the standard deviation values of σ ∼ 0.3 for the range in
soft excess variation, compared to σ ∼ 0.1 for the hotter,
power-law component.
6.2.2 0.001–10 keV band
Cutting the spectrum at 0.5 keV could give a wrong impres-
sion of the total luminosity of the soft excess component in
the Comptonisation model, since most of the emitted flux
is below this energy. For this reason, the optical depth and
temperature were plotted against the flux of the extrapo-
lated soft Comptonised component, following the method
for investigating the 0.5–10 keV energy band. It must be
cautioned, however, that the fluxes and luminosities derived
for this extended band are very sensitive to the parameters
of the fit.
The correlation between the optical depth and the pho-
ton flux (Figure 16) becomes much weaker, with the Spear-
Figure 15. Considering the flux of the soft and hard thComp
components, the fractional change between revolutions was plot-
ted. In this figure, the solid line joins the soft excess points, while
the dashed line joins the ‘power-law’ component values. There is
a larger variability in the soft flux, than the hard. The errors on
the values are all very small (<0.02).
Figure 16. The open circle represents the revolution 472 data
point. If this is excluded, then there is a weak anti-correlation
between the optical depth and the photon flux over 0.001–10 keV.
man Rank probability being 30 per cent for an inverse rela-
tion between the two parameters. The kT-flux is also only
present at the 30 per cent level, as shown in Figure 17. Nei-
ther of these probabilities is significant. If, however, the rev-
olution 472 data point is, again, excluded from the calcula-
tion, weak correlations between the photon flux and soft ex-
cess temperature or optical depth are revealed (93 per cent,
positive/negative for kT/τ respectively; using linear regres-
sion, best-fit slopes of 0.021 ± 0.006 and −0.43 ± 0.19 are
obtained). These correlations are weaker over the full energy
band, but are in the same sense as the 0.5–10 keV band.
Figures 18 and 19 plot the luminosities and slopes of the
two Comptonised components. The soft/hard luminosities
appear to be correlated over both bands if weighted linear
regression is used to give the line of best fit (∼ 0.14 over
both bands); Spearman Rank, however, gives an insignifi-
cant result of 74 per cent for the 0.5–10 keV band, though
this increases to 96 per cent if the revolution 472 point is
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Figure 17. There may be a small, positive correlation between
the temperature of the soft excess and the extrapolated photon
flux. The open circle represents the revolution 472 data point.
ignored. Over 0.001–10 keV, Spearman Rank gives a much
larger probability of 99 per cent for a positive correlation
(approximately constant with or without revolution 472).
The slopes of the cooler and hotter Comptonised compo-
nents appear to be inversely related, with linear regression
giving a slope of ∼ −1.64, and Spearman Rank giving a
(fairly low) probability of 92 per cent for a negative correla-
tion.
6.3 Compton cooling
It is natural to suppose that, if the soft excess were to be
produced by Comptonisation of thermal photons from the
accretion disc, then an inverse relationship would exist be-
tween the photon flux and the electron temperature, caused
by Compton cooling. The positive correlation found between
kT and the flux over 0.5–10 keV for the soft excess could well
have been an artifact of the 0.5 keV cut-off. However, the
same sense is observed in the correlation over the full en-
ergy band. Thus, the data indicate no negative relationship
between the flux and kT and, therefore, no Compton cool-
ing. This implies that the soft excess, if produced by the
Comptonisation of thermal disc photons, is more complex
than the simple model proposed here. The total soft excess
varies from 3.3 × 1046 erg s−1 up to 6.6 × 1046 erg s−1, but
this is accompanied by a modest increase in temperature.
This implies both an increase in the thermal disc emission
and a corresponding increase in the electron temperature:
two separate mechanisms need to be invoked. Note that the
data are inconsistent with a constant photon flux but varying
temperature (Figure 17).
7 CONCLUSIONS
The XMM spectrum of 3C 273 has been investigated. It
is found that the soft X-ray spectrum is dominated by a
strong soft excess below ∼ 2 keV. This can be well mod-
elled by a multiple blackbody parametrisation, but is most
likely to arise though thermal Comptonisation of cool (UV)
disc photons in a warm (few hundred eV) corona above the
Figure 18. There is a positive correlation between the individ-
ual Comptonised components, with least squares fitting giving
similar slopes of 0.15 ± 0.03 and 0.13 ± 0.03 for the 0.5–10 and
0.001–10 keV ranges respectively. The open circle represents the
revolution 472 data point.
Figure 19. When fitting the spectra with two Comptonisation
components, there is a negative correlation between the values of
Γ: −1.64 ± 0.33. The open circle represents the revolution 472
data point.
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surface of the accretion disc. While the soft excess spectra
can be fitted with the Comptonisation model, the variability
behaviour is not consistent with a simple interpretation of
this model. The temperature of the Comptonising electron
cloud may vary independently of the input photon flux, or
may even be positively correlated with it. If the latter were
to be true, then a further link between the disc emission
and the energising of the Comptonising electrons would be
necessary.
The individual spectra do not tend to show iron lines,
either narrow or broad, neutral or ionised. However, if all the
observations are co-added, a weak, broad line is detected.
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